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I. INTRODUCTION 
The rare earth metals along with lanthanum form the long group of 
elements between barium, atomic number 56, and hafnium, atomic number 
72. The 4f electrons which are, as Van Vleck (l) has expressed it, 
"so deeply sequestered in the interior of the atom that they are well 
screened from interference by their neighbors," give rise to some 
interesting magnetic properties of these metals and also have an 
influence on their resistivity properties. Bohr (2) has mentioned 
that "On the whole a consideration of the magnetic properties of the 
elements within the long periods gives us a vivid impression of how a 
wound in the otherwise symmetrical inner structure is first developed 
and then healed." A study of their magnetic and resistivity properties 
should help us to understand the fundamental properties of matter 
somewhat better. 
Erbium, atomic number 68, one of these rare earth metals, has the 
following electron structure when in the trivalent ion form: 
is2, 2s2, 2p6, 3s2, 3p6, 3d10, 4s2, 4p6, Ad10, 4fU, 5s2, 5p6. The 
1 2 
neutral atom contains three other electrons: 5d , 6s . Some dia-
magnetism is produced in erbium by the completed subshells of elec­
trons, while the para-, antiferro-, and ferromagnetism observed as well 
as some of the resistivity properties are associated with the eleven 
4f electrons or with the three holes in this subshell which is full 
when it contains fourteen electrons, as is the case for lutetium. 
The rare earth metals have become available in macro quantities 
and in very pure form since the development of the ion exchange process 
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for their separation (3) and the development of the process for the 
preparation of these metals (4). Much work is being done to determine 
their physical and chemical properties both here at Iowa State Uni­
versity and also at other laboratories. A summary of the work done up 
to about 1956, especially at Ames Laboratory, is given by Spedding, 
Legvold, Daane, and Jennings (5). 
The electrical resistivity of erbium has been determined by 
Legvold, Spedding, Barson, and Elliott (6) and Colvin, Legvold, and 
Spedding (7). Legvold et al found there was a moderate change in the 
conduction process at about 80°K and that erbium had an extremely high 
resistivity for a pure metal at room temperature. 
Colvin et al found the temperature dependence of polycrystalline 
erbium to be significantly different. Their values of resistivity and 
slope at room temperature were approximately half of the values pre­
viously reported. Anomalous behavior was observed at 80°, 55°, and 
20°K. The resistivity versus temperature curve showed a peak at 80°K, 
a minimum at 84°K, and an increase in slope (with increasing temperature) 
at 20°K. Hysteresis was apparent at 20°K. 
The heat capacity of erbium lias been measured between 15°K and 
320°K by Skochdopole, Griffel, and Spedding (8). They found three 
anomalies in the specific heat versus temperature: one at 19*9°K which 
is symmetrical and shows thermal hystersis, a second one at 53.5°K 
which is a rounded maximum, and a third one at 84°K. The heat capacity 
curve near 84°K is flat for about one degree and then, with increasing 
T, drops very rapidly. 
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Using the magnetic data for erbium determined by Klemm and 
Bommer (9), Neel (10) predicted a Curie point of 40°K for this metal. 
Elliott, Legvold, and Spedding (11) have determined the magnetic 
properties of erbium metal from 20.4°K to 90°K. The initial suscepti­
bility versus temperature curve they obtained showed a maximum at 
78°K. They did experience some difficulty at 20.4°K; the data were 
not consistent from sample to sample; some of the samples even turned 
crossways with the field when the magnetic field was increased, indi­
cating large crystallites and a sizeable anisotropy. 
Koehler and Wollan (12) have reported neutron diffraction data 
on erbium. They found it to be ferromagnetic at 4»2°K but at higher 
temperatures it was not possible to determine the type of ordering 
nor the magnetic lattice. Recently, however, Koehler^ has reexamined 
the data taken and concludes that a complex magnetic lattice is 
involved. There is a component of the magnetic moment perpendicular 
to the c-axis at this temperature. He indicates that a helical type 
of magnetic alignment might come close to fitting the observed dif­
fraction patterns. 
Banister, Legvold, and Spedding (13) have determined the structure 
of erbium at low temperatures and found it to be hexagonal close packed 
down to 40°K. 
^Koehler, W. C. Oak Ridge National Laboratory, Oak Ridge, Tenn. 
Concerning neutron diffraction data on erbium. Private communication, 
(I960). 
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Behrendt, Legvold, and Spedding (14, 15) have determined the mag­
netic properties of single crystals of two of the rare earth metals, 
neodymium and dysprosium. 
Hall (16) has determined the resistivity properties of single 
crystals of yttrium and dysprosium from 1.3°K to room temperature. He 
observed a large anisotropy (2:1 at room temperature) for the single 
crystals of yttrium. He also determined the effect on the resistivity 
of the single crystals of dysprosium when placed in a transverse mag­
netic field up to 22.4 kilogauss. 
This thesis is a portion of a larger program which is being carried 
out in this laboratory to obtain single crystals of the rare earth 
metals and subject them to magnetic and electrical resistivity measure­
ments in order to better understand the fundamental properties of 
matter. 
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II. BASIC CONCEPTS AND EQUATIONS 
The magnetic susceptibility per gram, X^, of a substance is defined 
by 
"g = Kg" (2.D 
where 0^ is the magnetic moment per gram and H is the magnetic field 
that is effective in orienting the dipoles of the substance. In 
general the susceptibility is a tensor quantity, but if cr^ is in the 
direction of H the susceptibility is a scalar quantity. 
If Equation (2.1) is multiplied by the molecular weight it becomes 
°mol ~ Xmol^ *here Oj^ and XmQ^  are per gram molecular weight. If 
Equation (2.1) is multiplied by the density, it becomes M = Xyo^ H, 
where M is the magnetization or magnetic moment per unit volume, and 
*mol *s susceptibility per unit volume. 
For a diamagnetic substance X is negative, small and nearly 
independent of temperature. For a paramagnetic substance X is small, 
positive, and obeys the Curie law, = C^/T, or the Curie-Weiss law, 
Cg = Cg/(T-A). Cg is the Curie constant per gram, T the absolute 
temperature and A the paramagnetic Curie temperature. For a ferro­
magnetic substance, one in which the dipoles of the substance are in 
parallel alignment, X is large and is temperature and field dependent. 
For an antiferromagnetic substance, one in which the dipoles are anti-
parallel aligned, X has a characteristic peak at some temperature 
called the Nêel point. 
Using the theory of Langevin (17) one can show that for a para­
magnetic substance consisting of Nq, Avogadro's number, non-interacting 
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atoms per gram atomic weight each with a dipole moment 
°mol = W(^j <2'2' 
where k is Boltzmann's constant and L(x) = coth (x) - 2 is the Langevin 
x 
function. For sufficiently high temperature ju,H «kT, LpAH 
\ kTJ 3kT 
and 
a , - No^ H for fz,H«kT. (2.3) 
mo1 liTT A 
Hence 
XmQl = % = %ol . (2.4) 
m0L 3kT T 
The substance obeys the Curie law where C^ is the Curie constant 
per mole. 
=*01=^- '2-5' 
The effective number of Bohr magnetons is defined by 
©h 1 
[Açff - where jUg = = 9.27 x 10 ergs per gauss and is the 
Bohr magneton. Solving Equation (2.5) for and using the definition 
of the following equation is obtained 
„ . -f •2-83 KTi • <2-6> 
N</% / 
If a paramagnetic substance is considered from the quantum 
mechanical point of view 
X z "X JOI) (2.7) 
mo1 3kT 
If the field effective in orienting the elementary dipoles of the 
substance is, as Weiss (18) assumed in his molecular field theory of 
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ferromagnetism, that due to the external sources aided by an internal 
field proportional to the magnetization, M, 
H = Hext + XM (2.8) 
it follows, using the quantum theory approach that 
M = Ng jUg JBj(X). (2.9) 
N is the number of atoms per unit volume, g is the Lande g factor, 
9 = 1  +  J'J*° ' L<U>)- (2.10) 
J is the total angular momentum quantum number of each atom and is a 
combination of the total orbital angular momentum L and the total 
spin S of the electrons of the atom. 
X = 
kT 
is the argument of the Brillouim function, Bj, and Bj is defined by 
Bj(x) = ^ coth 2j coth (ij) (2-"> 
For erbium, the tripositive free ion state is due to the 4f** elec­
trons. The spectroscopic ground state is^L^; g = ^ . As T->0, X->oo, 
2 
and Bj-> 1. For large fields and low temperatures the saturation field 
is 
= g PgJ (2.12) 
or 
- gJ Bohr magnetons. (2.13) 
In considering the electrical resistivity of a substance Houston (19) 
and Jones (20) among others have shown that for a perfect crystal at 
absolute zero with no impurities, the resistivity is zero. The electrons 
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will not be scattered by the ion cores of a substance if these cores 
are in an ordered arrangement. The electrons are scattered, and a 
resistance results in the substance due to imperfections in the ordered 
arrangement. Some of these imperfections are (i) movements of the atoms 
due to lattice vibrations (phonons), (ii) movements of the magnetic 
moments association with the ions (spin waves), (iii) foreign atoms, 
(iv) dislocations, (v) vacancies in the crystal lattice, (vi) grain 
boundaries, (vii) the presence in the substance of more than one iso­
tope, (viii) boundaries of the substance. 
For a metal which contains a small number of impurities the 
resistivity f may be written 
f  ~  f o  + /(T) • (2.14) 
f> is the resistivity due to impurity scattering and by Matthiessen's 
rule is nearly temperature independent. For a discussion of the 
temperature dependent and temperature independent parts of the increase 
of resistance due to impurities in a metal see (21). f (T) is the 
temperature dependent part of the resistivity and, in this discussion, 
it is assumed to arise from the lattice vibrations (phonon scattering) 
and from the scattering of the conduction electrons by the spin waves 
of the permanent magnetic moments of the atoms (magnon scattering). 
When an electron is scattered by a phonon a quantum of energy, hv, 
is absorbed or given up by the lattice. The temperature dependence of 
the part of the resistivity due to the phonon scattering can be de­
scribed by the semiempirical Griineisen (22) relationship. 
f (T) = A(I)5 p (eM)(£,-*) • (2-15) 
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A is a constant which depends on the metal being considered. T is 
the absolute temperature. For many metals use of the Debye temperature 
from specific heat measurements for © gives reasonably good agreement 
with the observed resistivity data, but this is not true for all cases 
(23, 24, 25, 26, 27). Generally for T» © j°(T) is proportional to T 
and for T«6 T) is proportional to T% 
For ferromagnetic and antiferromagnetic materials the interaction 
of the conduction electrons with the spin waves of the permanent mag­
netic moments of the atoms of the substance contributes to the 
resistivity of the substance. This contribution can be of the order of 
the contribution from the phonon scattering at room temperatures. The 
magnetic contribution to the resistivity reaches saturation at the mag­
netic disordering temperature and above this temperature remains 
constant. This subject has been discussed by (28, 29, 30, 31)» 
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III. MATERIALS TESTED 
A. Single Crystals 
The four single crystal samples used in this work were cut from a 
large single crystal grown by the Bridgman (32) method described in 
Chapter IV. Pieces of the crystal next to one of the samples used were 
analyzed. A spectrographs analysis showed: Yb < 0.005%; 
Tm < 0.002%; Ho < 0.008%; Dy < 0.005%; Y detected but < 0.01%; 
Ca < 0.01%; Fe ^  0.005%; Si < 0.02%; Mg detected but < 0.02%; 
Cr ~ 0.05%; Cu not detected; Ni not detected; Ta also was not detected 
in the spectrographs analysis, an upper limit was set of 1000 ppm. 
A vacuum fusion analysis for N, 0, and H showed: N, 0.84 ppm; 
0, 1181 ppm; H, 11 ppm. A semi-quantitative analysis for Ta on a 
small portion of the crystal yielded an estimate of the Ta content to 
be somewhere around 0.5 - 2%. 
B. Polycrystalline Sample 
The polycrystalline sample used for magnetic measurements was a 
portion of the sample used by Colvin et al (7) in their investigation 
of the resistivity properties of polycrystalline erbium. An analysis 
of this material showed: Tm < 0.002%; Ho < 0.008%; Dy < 0.005%; 
Yb < 0.0002%; Y ^  0.04%; Ca detected but <£ 0.03%; Mg detected but 
< 0.03%; Si detected but < 0.03%; Cr 0.05%; Fe ~ 0.05%; C, 280 ppm; 
N, 79 ppm; Ag, Au, Be, Cd, Co, Ge, Hg, Ni, P, Ru, Sb, Te, Ti, V, W, 
not detected. La, very weak < 500 ppm; Ta, very weak, < 5000 ppm; 
Pb trace. 
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IV. EXPERIMENTAL PROCEDURE 
A. Growth of Crystals 
Three methods were attempted in order to obtain single crystals of 
erbium. Two of these were unsuccessful in that crystals large enough 
for resistivity or magnetic measurements were not obtained. In one of 
these erbium vapor being emitted by erbium at a temperature of 1100° C 
was passed through two defining holes 0.15 cm in diameter 1 cm apart, 
and was deposited on a tantalum surface. The deposit contained many 
regularly shaped crystals with bright shiny surfaces, but none was 
large enough. The other unsuccessful method attempted was the grain 
growth technique. The sample was held for several hours in an argon 
atmosphere at 1250° C, which is about 250C° below the melting point of 
erbium. 
The crystals used in this investigation were grown by a modified 
Bridgman (32) technique. The furnace in which the crystals were grown 
was that used by Behrendt (33) with some slight modification in the 
lowering apparatus so that a more uniform lowering rate and also a 
slower lowering rate could be used. The crystal obtained was lowered 
at a rate of about 0.5 inch per hour. 
Some difficulty was experienced in the first attempts with the 
Bridgman method. The erbium was heated in a vacuum at a pressure of 
-5 less than 10 mm of Hg. The crucibles used were tantalum and similar 
in design to those used by Behrendt (33). In the lowering process when 
the top of the crucible was about the same height as the top of the 
furnace, a glowing discharge would occur in the furnace, the furnace 
input current would increase beyond the capacity of the apparatus, 
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and the fuses would blow usually ending that trial. This discharge 
occurred in a similar manner even though argon was introduced at a 
pressure of five to seven pounds per square inch. The difficulty was 
overcome by increasing the length of the crucible from 3.25 inch to 
8.50 inch and by placing two caps about l/8 inch apart in the top 
portion of the long crucible. Each cap had a 0.040 inch hole in it 
but the holes were staggered so that erbium vapor could not leave the 
crucible directly from the surface of the erbium and yet the inside of 
the crucible could be evacuated and outgassed before allowing the argon 
to enter. 
B. Preparation of Samples 
A successful method of etching erbium had not been developed when 
the sample which proved to be the useful one was removed from the 
furnace. Light reflections from the top surface indicated that about 
one third of this surface was of one orientation. Back reflection 
Laue x-ray diffraction pictures of this surface also indicated this 
was true. 
A 1% HN03 solution in alcohol and an alcohol stop have been used 
in etching the polished surface of some of the lighter rare earth 
metals; a solution of 60% glacial acetic acid, 40% concentrated HN03, 
and an alcohol stop have been used for the heavier rare earth metals. 
To remove the oxides a solution of 24% H%0, 1% HN03, and 15% 
diethylene glycol has been used. These were tried with erbium but 
without success, even ti *igh the time in the solution was varied from 
10 to 30 seconds. 
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Concentrated nitric acid for a short period of time followed by 
a thorough rinsing in running water proved to be a successful procedure. 
It was found that if the sample was left in the acid for a period 
longer than about 5 seconds the action became quite rapid, N02 was 
given off, and usually the surface was ruined if not the sample com­
pletely dissolved. An acceptable surface was obtained if the following 
procedure was repeated from five to seven times: the sample was held 
in the acid for a period slightly shorter than the 5 seconds mentioned 
above, then placed immediately in the stream of running tap water for 
at least five minutes, followed by a rinsing with distilled water and 
a careful drying with a stream of dry air. 
When the surface of the sample was first polished and then etched 
as just described, the grain boundaries were visible, and good back 
reflection Laue x-ray diffraction patterns could be obtained. These 
showed that one section of the sample about 1.2 cm x 0.8 cm x 2.5 cm 
was of one orientation. The c-axis and an a-axis were very nearly in 
a plane perpendicular to the axis of the cylindrical crucible in which 
the crystal was grown. 
The four single crystal specimens used in this investigation were 
cut from this larger crystal by means of a jeweler's saw. The two 
c-axis crystals, one used for resistivity measurements and one used for 
magnetic measurements, were side by side; the two a-axis crystals were 
also side by side and were directly below the c-axis crystals. Three 
of the four were all of one orientation, but the fourth, the c-axis 
crystal used for resistivity measurements, had a section on each end 
H 
which was a different orientation. The resistivity measurements that 
were made on this sample, however, were made on a section that was all 
of one orientation. This will be discussed more completely in a later 
section. 
The samples used were rectangular in cross section and the 
respective crystal axis was parallel to the long dimension of the 
crystal. This was accomplished by first lining up the crystal speci­
men using back reflection Laue x-ray diffraction patterns. Then by 
proper use of parallel and perpendicular machined surfaces, lines 
were scribed on the sample with a height marking gauge. The sample 
was then polished until the faces were parallel to these lines. 
C. Magnetic Measurements 
The magnetic measurements were made using the 20 kw Weiss-type mag­
net which has been used by previous investigators in this laboratory (33, 
34, 35, 36). The applied field could be varied from 0 to 18,000 oersteds 
while the gradient varied from 0 to 550 oersteds/cm. The apparatus for 
maintaining a constant temperature was the same as that used by Behrendt 
(33) and Thoburn (36). Temperatures below 25°K were restricted to two 
liquid bath temperatures; 4»2°K, liquid He under atmospheric pressure, 
and 20.4°K, liquid H% under atmospheric pressure. 
To eliminate hysteresis effects the field was always increased 
between field settings. Also for all of the data taken below 125°K 
the sample was annealed between isothermal runs by bringing it and the 
sample holder in which it was held to room temperature before starting 
the next run. 
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The c-axis crystal oriented itself along the field (the easy 
direction of magnetization is along the c-axis), but when the initial 
measurements were made on the a-axis crystal it was thought it might be 
necessary to place centering chains on the apparatus to restrict the 
rigid quartz rod supporting the sample holder in order to keep the 
sample from turning so that its long dimension was perpendicular to the 
field. It was found, however, that if the a-axis crystal was placed in 
the sample holder so that the c-axis of the sample was in a vertical 
position that there was no tendency for the sample to turn around a 
vertical axis. As a further check two isotherms were taken at 30°K, 
one with the c-axis vertical and one with the c-axis horizontal while 
restricting the crystal so that the long dimension of this crystal was 
along the field. No differences between the resulting moments were 
observed. All further data for the a-axis crystal were taken with the 
long dimension along the field and the c-axis vertical, i.e. along the 
direction of the field gradient. 
D. Resistivity Measurements 
The cryostat in which the resistivity measurements were made was 
designed and built by R. Colvin (37) and is described in his thesis. 
Resistance measurements were made at liquid bath temperatures, or a 
heat leak chamber introduced (in place of the liquid bath apparatus) 
-sentr= lied lue while 
the current and emf measurements were being made. The temperature was 
measured by a copper-constantan thermocouple when in the heat leak 
chamber. When in the liquid baths the temperature was determined by 
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the pressure of the vapor above the liquid; these temperatures were also 
used to calibrate the thermocouple at the lower temperatures. 
The four probe system used to measure the resistance of the samples 
was that used by P. Hall (16) and is described in his thesis. There 
existed a contact resistance at the point where the current contacts are 
held against the sample. Local heating of the sample occurred and a 
thermal emf produced across the potential probes. To cancel out the 
effects of this thermal emf, the voltage across the potential probes was 
measured twice (with the current traveling in opposite directions) and 
the average used in the calculation of the resistivity. 
Resistance measurements were first made in the liquid bath 
apparatus and in the following sequence: room temperature, liquid 
N% bath temperatures, liquid H% bath temperatures, liquid He bath 
temperatures. The liquid bath apparatus was then removed, the heat 
leak chamber placed in the apparatus, the sample (without a current 
passing through it) cooled to as low a temperature as could be obtained 
with He at atmospheric pressure surrounding the heat leak chamber. 
This was assumed to be 4»2°K for temperature calibration of the thermo­
couple between this temperature and 20.4°K. Resistance values were then 
taken starting at the lowest temperature obtainable with the current 
passing through the sample and proceeding in small temperature incre­
ments up to room temperature. 
E. Treatment of the Magnetic Data 
When a sample having a dipole moment per gram, (T^, and a mass, m, 
is placed in a magnetic field gradient, a magnetic force, F, is 
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experienced where 
F = m cr g dH . (4.1) 
y dz 
g is the acceleration due to gravity and is not to be confused with g 
in Og. Solving this equation for 0^ 
cr = F_ (4.2) 
y m g dH 
dz 
To determine cr^ for the magnetic measurements, F was measured using a 
Voland "speedigram" analytical balance, and the current input to the 
magnet was measured while the temperature of the sample was held con­
stant. From previous calibrations of the magnet both the external field 
and the field gradient were obtained. The field gradient was in a 
vertical direction. The magnetic force and the effect of gravity were 
in the same direction. For temperatures other than 4«2°K and 20.4CK the 
temperature was determined by a copper-constantan thermocouple. 
The internal field, H, in the sample can be calculated from 
H 
= 
He*t " NM = Hext " N V (4-3) 
where H ^ is the external or applied field, d is the density of the 
sample and N is the demagnetizing factor. The c-axis crystal had an 
aspect ratio (length to cross sectional dimension) of 6.3 and a 
demagnetizing factor of 0.400 was used; the a-axis crystal had an aspect 
ratio of 12 and a demagnetizing factor of 0.184 was used; the 
polycrystalline sample had an aspect ratio of 10 and a demagnetizing 
factor of 0.205 was used. The largest value of N ff^d was 962 oersteds; 
this was subtracted from an external field value of 18,030 oersteds. 
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F. Treatment of the Electrical Resistivity Data 
The emf across the potential probes placed on the resistivity 
sample being examined was measured twice, with the current traveling 
in opposite directions in the sample. The average of these emf1s was 
used in calculating the resistivity. This was done in order to cancel 
out the thermal emf produced by a thermal gradient established in the 
sample because of heating at the current contact points. 
No correction for changes with temperature of the length or the 
cross sectional area was taken into consideration in calculating the 
resistivity values. 
The distance between probes was measured after the data were 
taken. The brass knife shaped probes left impressions on the sample. 
The distance between these impressions was taken as the average of 
five measurements with a traveling microscope. The dimensions of the 
cross section were also measured with a traveling microscope and the 
average of five trials used. 
The residual resistivity was subtracted from the measured 
resistivity and the values thus obtained plotted as a function of 
T. 
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V. RESULTS 
A. Magnetic Measurements; c-axis Crystal 
The magnetic moment per gram of the c-axis crystal was measured 
isothermally as a function of magnetic field. The temperatures at 
which these measurements were taken as well as the number of runs at 
each temperature are tabulated in Table 1. 
Table 1. Temperatures at which the magnetic moment per gram of the 
c-axis crystal was measured as a function of magnetic 
field. 
Temperature Number Temperature Number Temperature Number 
°K of Runs °K of Runs °K of Runs 
4.2 2 70 1 86 2 
20.4 1 75 1 90 2 
25 3 76 1 100 2 
30 3 77 1 125 1 
35 4 78 1 140 1 
40 3 79 1 155 1 
45 1 80 1 170 1 
50 3 81 1 180 1 
52.2 2 82 1 195 1 
55 1 , 83 1 250 1 
60 1 84 1 297.2 1 
The magnetic determinations of Elliott, Legvold, and Spedding (11), 
the heat capacity determinations of Skochdopole, Griffel, and Spedding 
(8) and the resistivity determinations of Colvin, Legvold, and 
Spedding (7) indicated that a Neel point might exist for erbium in the 
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neighborhood of 85°K. Some of the first few isotherms in this investi­
gation, made at 70°K, 80°K, and 90°K further indicated this. To 
investigate this temperature region more completely isotherms were taken 
every degree from 75°K to 86°K. 
The magnetic moment per gram of the c-axis magnetic crystal (H 
parallel to the c-axis) as a function of temperature is shown in Figures 
1 and 2 for various constant magnetic fields. A Neel point is observed 
for erbium at 85°K; the metal is ferromagnetic below 20°K in zero 
field, antiferromagnetic between 206K and 85°K and paramagnetic above 
85°K# Data for the isofield curves shown in Figures 1 and 2 were 
obtained from the isotherm curves of the magnetic moment per gram of 
the c-axis magnetic crystal as a function of magnetic field shown in 
Figures 3, 4, 5, and 6 and others listed in Table 1. In Figures 6 and 
7 are shown the isotherm curves in the paramagnetic temperature range 
for this c-axis magnetic crystal. 
A ferremagnetic-antiferromagnetic transition temperature of 19.6°K 
was obtained by extrapolating the versus T curve shown in Figure 8. 
The critical field, Hc, for a temperature T is the field at which the 
magnetic moments spontaneously align themselves, and the sample 
becomes ferromagnetic. 
An estimate for erbium of the saturation moment at infinite field 
and 0°K was obtained by an extrapolation of the data observed. First 
the values for the upper portions of the lower temperature 
isotherms were obtained. 0^. versus l/H and aisc versus l/H^ were 
plotted. The l/H2 plot gave a somewhat better straight line fit. 
Figure 1. Magnetic moment per gram of the c-axis erbium crystal as 
a function of temperature for constant magnetic fields. 
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Figure 2. Magnetic moment per gram of the c-axis erbium crystal as a 
function of temperature in the neighborhood of the Neel point. 
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Figure 3. Magnetic moment per gram of three erbium samples as a 
function of magnetic field for U»2°K and 20.4°K. 
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Figure 4» Magnetic moment per gram of the c-axis erbium crystal as 
a function of magnetic field in the antiferromagnetic 
temperature range. 
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Figure 5. Magnetic moment per gram of the c-axis erbium crystal as 
a function of magnetic field in the antiferromagnetic 
temperature range. 
60 
G -  AXIS CRYSTAL 
o» 30  
H 
80° K 
75° K -
70° K -
>60° K 
10 
KILO-OERSTEDS 
15 20 
Figure 6. Magnetic moment per gram of the c-axis erbium crystal as a 
function of magnetic field. The 80°K isotherm is in the 
antiferromagnetic temperature range while the others are 
in the paramagnetic temperature range. 
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Figure 7. Magnetic moment per gram of the c-axis erbium crystal as a 
function of magnetic field for temperatures in the 
paramagnetic temperature range. 
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Figure 8. A plot of the critical field H against temperature showing 
the determination of the ferromagnetic-antiferromagnetic 
transition temperature for erbium. 
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2 These straight lines shown in Figure 9 were extrapolated to l/H = 0, 
i.e., H = to, and the values of cr _ obtained. These values of cr _ 001 ooT 
were plotted versus T^ 2 and also T2. These plots are shown in Figure 
10. These straight lines were extrapolated to T = 0. Both values of 
CœQ thus obtained are considerably less than the theoretical value of 
300.6 cgs units/gm obtained using Equation 2.13. It should be pointed 
out that the choice (within reasonable limits of course) of the 
demagnetizing factor N in Equation 4.3 does not seriously affect the 
value of cr^ Q obtained by these extrapolations of the data. 
B. Magnetic Measurements$ a-axis Crystal 
The magnetic moment per gram of the a-axis crystal was measured 
isothermally as a function of magnetic field. The temperatures at 
which these measurements were made are listed in Table 2. 
Table 2. Temperatures at which the magnetic moment per gram of the 
a-axis magnetic crystal was measured as a function of the 
magnetic field. 
Temperature Temperature Temperature Temperature 
°K °K °K °K 
4.2 40 80 155 
20.4 50 85 170 
25 55 90 195 
30 60 100 240 
35 70 125 298.5 
75 140 
Figure 9. Isothermal variation of the magnetic moment per gram 
of erbium as a function of l/ti • 
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Figure 10. Saturation and spontaneous magnetic moment of erbium 
as a function of T-*' and T . 
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One run was made at each of the temperatures listed except for the 
He bath run. Three runs were made at this temperature. 
The isofield curves of the magnetic moment per gram of the a-axis 
magnetic crystal as a function of temperature are shown in Figure 11. 
The data for these curves were obtained from the isotherm curves shown 
in Figures 3> 12, and 13. 
Most of the isotherms for the a-axis magnetic crystal show that 
the magnetic moment is a linear function of magnetic field. This is 
not the case for the 4.2% 20.4% 25% and 50°K curves. 
The 4«2°K curve shows that the anisotropy of erbium must be of 
the order of 17 kilo oersteds for this temperature. 
C. Magnetic Measurements; Polycrystalline Sample 
Isothermal measurements of the magnetic moment per gram of the 
polycrystalline sample were made in the paramagnetic temperature range 
at 125% 140% 155% 170®K, 195°K, 240% and 300°K as well as in 
the low temperature range at 4»2°K and 20.4°K. Figure 14 shows the 
paramagnetic data. The two low temperature runs are plotted in 
Figure 3« 
In Figure 15 are shown the l/X versus T straight lines obtained 
from the paramagnetic data for the three samples of erbium investi­
gated. 
In Figure 16 the 20.4°K polycrystalline sample isotherm is shown 
compared with a calculated 20.4°K polycrystalline isotherm. This 
calculated curve was obtained from the a-axis and c-axis crystal data 
at 20.4°K assuming that a polycrystalline sample is composed of small 
Figure 11. Magnetic moment per gram of the a-axis erbium crystal as 
a function of temperature for constant magnetic fields. 
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Figure 12. Magnetic moment per gram of the a-axis erbium crystal 
as a function of magnetic field in the antiferromagnetic 
temperature range. 
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Figure 13. Magnetic moment per gram of the a-axis erbium crystal 
as a function of magnetic field for temperatures in 
the paramagnetic temperature range. 
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Figure 14. Magnetic moment per gram of the polycrystalline erbium 
sample as a function of magnetic field in the para­
magnetic temperature range. 
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Figure 16. The observed data for the polycrystalline sample at 20.4°K 
compared with a calculated curve using Equation 5.1. 
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randomly oriented crystallites and hence that the magnetic moments per 
gram of a polycrystalline sample is given by 
'poly = (5-1' 
°poly *s ffg va^ ue a polycrystalline sample, cra is the crg value 
for an a-axis crystal, and <re is the value of a c-axis crystal, all 
values taken at the same field and temperature. The values of c& and 
o*e were obtained from the 20.4°K curves shown in Figure 3. 
D. Resistivity Measurements; a-axis Crystal 
The results of measurements of resistivity as a function of 
temperature (temperature increasing) for the a-axis resistivity crystal 
are shown in Figure 17. A residual resistivity value of 19.50 pohm-cm 
has been subtracted from the observed data before plotting the curve 
shown in Figure 17. The current was parallel to the long dimension of 
the crystal, the a-axis. The total length of this crystal was 8.38 ran; 
the cross section was about 2.0 mm by 3.0 mm; and it was all of one 
orientation. The potential probes were 4*57 mm apart in the middle of 
the sample. 
A change in slope of the f versus T curve occurred at the Néel 
temperature. No increase in resistivity was observed in the neighbor­
hood of the Curie temperature (20°K approximately). 
For Figure 17 as well as for Figure 18 the sample was placed in 
the heat leak chamber; the sample with no current flowing was allowed 
to come to equilibrium with the chamber which was surrounded with 
liquid He at atmospheric pressure. The resistance values were then 
Figure 17. Resistivity of erbium, residual subtracted, along the a-axis 
as a function of temperature (temperature increasing). 
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taken starting at the lowest temperature obtainable with current passing 
through the sample and proceeding in small temperature increments up 
to room temperature. 
E. Resistivity Measurements; c-axis Crystal 
The results of the measurements of the resistivity (residual 
subtracted) as a function of temperature (temperature increasing) for 
the c-axis crystal are shown in Figure 18. The current was parallel to 
the c-axis which was the long dimension of this crystal. Several liquid 
He bath temperature measurements of the resistivity were made. These 
gave a residual resistivity value of 16.32 /itohm-cm. This residual 
resistivity was subtracted from the observed data before plotting the 
curve shown. 
The cross section of this sample was 1.5 mm by 2.4 mm and the 
total length was 10.18 mm, but it was not all of one orientation. The 
middle portion was the c-axis crystal portion and this was the portion 
on which the potential probes were placed. The shortest dimension of 
this portion along the length of this sample was 5.5 mm. The c-axis 
crystal portion tapered from this dimension to about 7.5 mm on the 
face opposite. The potential probes which were 4*56 mm apart were 
placed on the side which measured 7.5 mm. 
From Figure 18 a value of 20.4°K is a reasonable value to take for 
the ferromagnetic-antiferromagnetic transition temperature. The peak 
which occurs at 53»5°K agrees well with the temperature at which an 
anomalous behavior in the specific heat versus temperature curve has 
been observed by Skochdopole, Griffel, and Spedding (8). This large 
Figure 18. Resistivity of erbium, residual subtracted, along the c-axis 
as a function of temperature (temperature increasing). 
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peak indicates that the magnetic ordering at the Neel temperature 
occurs over a rather wide temperature range while the abrupt change in 
the resistivity at the ferromagnetic-antiferromagnetic transition 
temperature indicates that the ferromagnetic ordering occurs over a 
very small temperature range if not almost abruptly. 
Figure 19 shows two runs in liquid hydrogen bath temperatures. 
The pressure was decreased above the liquid during the runs and the 
points shown were taken as the temperature decreased. The first run 
shows the resistivity after the sample was first brought from room 
temperature to 20.4°K and then lowered as shown. The second run fol­
lowed the first run directly without the temperature of the sample 
being raised above 20.4°K« The difference in these curves is 
attributed to the fact that the sample was not taken above the Néel 
point after finishing run 1 and before starting run 2. 
In Figure 20 are plotted data taken from the curves of the poly­
crystalline sample of erbium determined by Colvin et al (7); also are 
plotted the calculated polycrystalline data using the relationship 
/poly " (5>2) 
where _Pp0^ y is the calculated resistivity value of a polycrystalline 
sample of erbium, />a is the resistivity value with the current parallel 
to the a-axis, and is the resistivity value with the current paral­
lel to the c-axis; all resistivity values being taken at the same 
temperature T. 
Figure 19. Resistivity of erbium along the c-axis in liquid 
hydrogen (temperature decreasing). The difference 
between the two runs is attributed to the fact that 
before run 1 the sample was at room temperature and 
lowered to 20.4°K, while between runs 1 and 2 the 
temperature of the sample was not raised above 20.4°K. 
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Figure 20. Calculated resistivity of polycrystalline erbium as a 
function of temperature (using Equation 5.2) compared 
with measured values of resistivity, residual sub­
tracted, of a polycrystalline sample (temperature 
increasing). 
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VI. DISCUSSION 
A. Magnetic Results 
A Néel point for erbium was observed at 85°K. This is shown in 
Figure 2 where a curve drawn through the peaks in the isofield curves 
has been extrapolated to = 0. This temperature agrees with the 
minimum observed in the resistivity along the c-axis versus temperature 
curve shown in Figure 18. It also agrees closely with one of the 
anomalies in the heat capacity versus temperature curve of erbium 
measured by Skochdopole, Griffel, and Spedding (8). The heat capacity 
curve near 84°K is flat for about one degree and then, with increasing 
T, drops very rapidly. 
The c-axis is the easy direction of magnetization of erbium. The 
experimental value of the saturation at oofield and 0°K, 
obtained by the extrapolation process described in Chapter V, Section A 
was 266.9 cgs units/gm by the T^  plot and 267.7 by the plot. 
These extrapolations are shown in Figures 9 and 10. These values are 
close to 8 Bohr magnetons. If the influence of the crystalline fields 
can be neglected and it is assumed that the low lying state is the 
spectroscopic state ^ 1^ /2 t^ ien ^ eff = = (6l5)(l5/2) = 9 Bohr magne­
tons. 
From neutron diffraction studies made on erbium Koehler and 
Wollan (12) have found that erbium was ferromagnetic at 4*2°K, but at 
higher temperatures it was not possible to determine the type of order­
ing or the magnetic lattice. Recently Koehler has reexamined the data 
taken and concludes that a complex magnetic lattice is involved. There 
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is a component of the magnetic moment perpendicular to the c-axis at 
4*2°K, although the bulk of the moment appears to be along the c-axis. 
He indicates that a helical type of magnetic alignment might come close 
to fitting the observed diffraction pattern. This would result in the 
components along the c-axis being parallel aligned and the components 
along the a-axis being possibly antiparallel aligned. The c-axis 
crystal would act like a ferromagnetic and the a-axis crystal like an 
antiferromagnetic. This situation is observed between 20.4°K and 4*2°K. 
In the paramagnetic temperature range, from 140°K to room 
temperature the effective number of Bohr magnetons was obtained from 
the plot of l/X. versus T shown in Figure 15# From the straight lines 
the Curie constant and hence the number of effective Bohr magnetons in 
the paramagnetic temperature range can be obtained. 
"eff = 2-83 7^ (2*6) 
For the a-axis crystal X = 7 anci ^ eff ™ ^ *9 ± 0.2 Bohr 
magnetons. For the c-axis crystal X = ^ *^ 32 5 an<* ^ eff = 9*9 * 0*2 
Bohr magnetons. Using Equation 2.7 the theoretical effective number of 
Bohr magnetons in the paramagnetic temperature range is = g |/j(j+l) 
= 9*6 for erbium. 
In Figure 16 two polycrystalline curves at a temperature of 20.4°K 
are compared. The curve labeled "polycrystalline sample" was plotted 
from the observed data. The other curve labeled 2 °a + °c was 
3 
obtained assuming that a polycrystalline sample is composed of small 
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crystallites randomly oriented; i.e., the two 20.4°K isotherm curves for 
the single crystal specimens shown in Figure 3 were added giving a 
weight of 1/3 to the c-axis curve and a weight of 2/3 to the a-axis 
curve. Precise agreement is not expected. The Block walls between the 
domains in a polycrystalline sample and the energies associated with 
these Block walls are probably an entirely different situation in a 
polycrystalline sample than in a single crystal sample. Further it 
might be mentioned that cast samples of erbium do not consist of small 
crystallites, and probably these crystallites are not randomly oriented. 
The magnetic data of Elliott, Legvold, and Spedding (11) at 20.4°K also 
indicate that this is true. They experienced some difficulty at 20.A°K; 
the data were not consistent from sample to sample; some of the samples 
even turned crossways with the field when the magnetic field was 
increased. 
B. Resistivity Results 
The anisotropy in the resistivity is defined by the ratio 
J^ /j6^ . j^ a is the resistivity in the basal plane, in the case here 
it is the resistivity along the a-axis direction in the crystal, 
is the resistivity in the c-axis direction. For erbium the anisotropy 
at room temperature is 1.72. The anisotropy is apparent not only in 
the room temperature values of the resistivity, but also in the behavior 
of J* in the neighborhood of the three anomalies observed, at 20.4°K> 
53.5°K, and 85°K. 
At 85°K ^ Pa changes slope but not the sign of the slope, while 
goes through a minimum. This is the Neel point, the point at which the 
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spins go from an ordered antiferromagnetic condition to a disordered 
paramagnetic condition (with increasing temperature). 
The anomaly at 53*5°K is not observed in but for a peak 
occurs. 
At 20.4°K shows a sharp discontinuity; the resistivity dis­
regarding the residual, increased from 5.3 to 11.2 /Ltohm-cm. No 
increase was observed for 
The 53.5°K peak extends from this temperature to 85°K. 
The slope in is negative from the peak at 53.5°K to the mini­
mum at 85°K. This spread in this unsymmetrical peak might indicate 
that the ordering or disordering of the spins through the antiferro-
ma gnet i c-pa rama gnet i c transition occurs over a wide temperature range, 
or it might indicate that the spins are changing from one type of 
antiferromagnetism to another. Further neutron diffraction studies 
in this temperature region, perhaps on single crystals of erbium, 
might help to clear up the situation. 
In the paramagnetic temperature range especially about 150°K 
 ^is linear in T; ^  ^has a slope of 0,185 jtiohm-cm/°K, while for 
the slope is 0.122 juohm-ciq/*K. The curve obtained from Equation 5.2 
has a slope of 0.163 /zohm-cm/°K. This is to be compared with the data 
of R. Colvin (7) taken on the polycrystalline sample of erbium. His f* 
versus temperature curve had a slope in the paramagnetic temperature 
range of 0.164 pohm-cm/*K. Comparing these two curves further it is 
seen that the same general shape is observed at the Neel point anomaly, 
that agreement is good below 50°K, and that a break of about the same 
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size is observed at about 20°K. Although the slopes are in good agree­
ment in the paramagnetic region the actual values are not. This might 
be due to the manner in which the residuals were treated and further 
it must be remembered that the residual resistivity values were 
different, being 19*50 gohm-cm for J9 a and 16.32 ^ ohm-cm for  ^
C. Suggested Further Work 
Since the completion of the taking of the magnetic data for this 
investigation the cryostat system has been revised by D. Strandburg, 
who was kind enough to wait for these data to be taken before starting 
the revision. It is now possible to cover the temperature range from 
1.3°K to room temperature or above with one apparatus. From the results 
of the present work, the temperature range between 1.3°K and 25°K 
should be an interesting one in which to further investigate the mag­
netic properties of single crystals of erbium, especially with the 
magnetic field along various directions in the basal plane. 
A spherical single crystal erbium sample has been prepared by 
H. Nigh from the portion of the crystal that remained after the four 
samples used in this work were removed. The magnetic properties of 
this sample can now be investigated with the field along various 
directions of the crystal. 
It might be fruitful to extend the present magnetic investigations 
to higher magnetic fields, say of the order of 70,000 oersteds. 
The electrical resistivity of these erbium single crystals can be 
measured while a transverse magnetic field is being applied to them. 
This should yield some useful information about the anomalies observed. 
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VII. SUMMARY 
Four rectangular parallelepiped samples have been cut from a large 
single crystal of erbium grown by the Bridgman method, two with the 
a-axis parallel to the long dimension and two with the c-axis parallel 
to the long dimension. One pair, an a-axis crystal and a c-axis crystal, 
were used for magnetic measurements; the other pair were used for 
electrical resistivity measurements. 
Magnetic measurements were made up to 18 kilo-oersteds with the 
field applied along the long dimension of the crystals at 4.2°K and 
between 20.4°K and 300°K. The c-axis was found to be the direction of 
easy magnetization. A Neel point was observed at 85°K. The ferro-
magnetic-antiferromagnetic transition temperature inferred from the 
magnetic data was 19.6°K. The saturation moment, c^ q, obtained by an 
extrapolation of the data was 267*7 cgs units/gm by a plot and 
2 
was 266.9 cgs units/gm by a T plot. Both values correspond to about 
8 Bohr magnetons and are about 1 Bohr magneton short of Ateff ~ 9J* 
A possible explanation of this discrepancy might be associated with 
the alignment of the spins of erbium. Koehler has suggested from an 
examination of neutron diffraction data on erbium that there is a 
component of the magnetic moment perpendicular to the c-axis at 4*2°K 
although the bulk of the moment appears to be along the c-axis at this 
temperature. He indicates that a helical type of magnetic alignment 
might come close to fitting the observed diffraction patterns. 
The 1/% versus T plots in the paramagnetic temperature range gave 
for the a-axis crystal X = j^ .1^ 61^ 7 anc* f*eff ~ 9*9 + 0.2 Bohr magnetons, 
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and for the c-axis crystal X = ^ *^ 32 5 an<* ^eff = 1 0.2. These are 
to be compared with jLt^  ^= g /j(j + l) = 9.6 Bohr magnetons. 
The electrical resistivities of the single crystals were measured 
as a function of temperature with the current parallel to the a-axis 
and with the current parallel to the c-axis from 1.3°K to 300°K. 
Anomalies were observed at 20.4-°K, 53»5°K and 85°K. J* ^ the 
resistivity in the basal plane (in this work along the a-axis) showed 
quite different behavior than f , the resistivity along the c-axis. 
For room temperature f'J J* ~ 1.72. 
At 85°K, the Neel point, versus T changes slope, but not the 
sign of the slope, while f versus T goes through a minimum. 
At 53.5°K, no anomaly was observed for , but for versus T 
a peak occurred. This peak extended from 53.5°K to 85°K, and J-* 
versus T had a negative slope in this temperature range. This broad 
unsymmetrica1 peak might indicate that the ordering or disordering of 
the spins through the antiferromagnetic-paramagnetic transition occurs 
over a wide temperature range, or it might indicate that the spins are 
changing from one type of antiferromagnetism to another. 
In the paramagnetic temperature range ? versus T has a slope of 
0.185 jWohm-ci%/*K, a slope of 0.122 \iohm~cnq/°K. It is interesting 
to compare a curve obtained using J^ 0±y - 2 J^ /3 + J^ /3 with the curve 
obtained on a polycrystalline sample of erbium. The slopes in the 
paramagnetic temperature range are 0.163 jLtohm-cm for the calculated 
curve and 0.164 f£0hm-cm for the other. The actual values in this 
temperature range disagree by about 5 /xohm-cm. The shape of the two 
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curves between 50° and 85° is qualitatively the same. Agreement below 
50°K is good and the two curves show a discontinuity of about the same 
magnitude at 20°K. 
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X. APPENDICES 
79 
A. Tabulation of the Magnetic Data 
H a H a 
9 9 
c-axis crystal 
4.2°K Run 1 L.2°K Run 2 
333 47.66 310 54.28 
599 144.5 594 145.2 
820 194.5 851 185.5 
1,370 202.6 1,290 228.4 
1,670 230.4 1,680 230.6 
2,290 238.2 2,190 237.9 
5,190 257.0 5,190 257.5 
8,120 261.8 8,120 262.4 
11,160 264.2 11,160 264.4 
14,090 265.2 14,090 265.4 
17,070 265.4 17,070 265.7 
20.4°K 25°K Run 1 
1,030 135.2 3,000 15.80 
2,210 232.8 2,780 206.4 
5,190 253.5 3,230 218.3 
8,120 259.6 3,610 222.7 
11,160 261.3 4,180 231.4 
14,090 262.6 4,780 237.5 
17,070 262.9 5,240 243.3 
25°K Run 2 25°K Run 3 
2,560 138.9 1,040 6.95 
5,220 246.0 1,990 10.28 
8,140 255.2 2,330 12.25 
11,180 258.7 5,210 247.9 
14,110 259.9 11,160 259.4 
17,080 260.6 17,070 260.8 
80 
g 
c-axis crystal (continued) 
30°K Run 1 30°K Run 2 
2,990 12.68 3,000 12.66 
5,290 220.2 3,450 14.48 
8,110 245.8 3,960 16.10 
11,160 254.0 4,350 16.62 
14,100 256.4 4,950 22.39 
17,080 257.5 4,970 180.7 
5,370 206.6 
30°K Run 3 35°K Run 1 
3,010 11.72 3,000 10.95 
5,330 214.4 5,930 19.15 
8,180 245.7 7,350 118.7 
11,200 253.1 7,360 115.9 
14,120 256.0 8,160 217.3 
17,100 253.9 11,160 245.9 
14,020 250.5 
17,040 251.9 
35°K Run 2 35°K Run 3 
2,940 11.62 6,050 19.63 
6,010 19.74 6,460 20.27 
8,900 214.3 6,920 22.02 
11,190 239.2 7,410 26.85 
17,090 251.0 7,610 113.1 
7,850 193.7 
8,300 217.5 
35°K Run 4 40°K Run 1 
3,020 9.32 3,010 10.84 
6,050 18.30 6,020 19.05 
8,280 217.9 8,900 26.83 
11,220 244.8 11,250 227.4 
14,140 250.7 14,160 241.5 
17,110 253.8 17,120 246.2 
81 
H H 
c-axis crystal (continued) 
40°K Run 2 40 °K Run 3 
8,990 26.34 3,010 9.01 
9,430 27.19 6,040 17.90 
9,940 29.13 10,000 200.4 
10,410 34.00 11,290 224.1 
10,340 190.7 14,170 241.1 
10,740 214.7 17,130 246.2 
11,340 218.9 
45°K 50°K Run 1 
3,020 10.06 3,000 9.31 
6,050 17.39 6,040 16.06 
8,980 23.31 8,920 21.38 
9,940 25.00 11,930 27.11 
10,430 25.60 14,900 34.65 
10,920 26.57 17,250 216.2 
11,410 27.77 
12,010 29.16 
12,390 30.84 
12,880 36.99 
12,960 149.9 
13,320 189.7 
13,820 203.5 
14,300 210.6 
17,190 231.8 
50CK Run 2 50°K Run 3 
14,940 
15,390 
15,650 
15,900 
16,340 
16,810 
17,310 
32.10 
33.70 
99.22 
171.2 
187.5 
195.5 
202.1 
14,930 
15,380 
15,880 
15,920 
16,370 
16,830 
17,310 
35.48 
35.98 
36.80 
163.7 
176.9 
186.4 
199.2 
82 
H H 
c-axis crystal (continued) 
52.5°K Run 1 52.5°K Run 2 
499 
1,050 
2,000 
3,010 
3,930 
4,930 
6,010 
8,910 
11,940 
14,910 
17,470 
3,020 
6,040 
8,930 
11,980 
14,930 
17,880 
3,040 
8,920 
14,870 
17,820 
3,010 
6,040 
8,960 
11,960 
14,890 
17,820 
JSSS3L 
7Q°K 
76°K 
0.21 
2.21 
6.30 
8.08 
9.98 
12.05 
13,87 
19.64 
25.42 
30.58 
169.2 
6.08 
12.83 
18.28 
24.06 
29.48 
36.24 
6.06 
18.49 
31.49 
39.32 
6.87 
13.72 
20.76 
28.61 
37.77 
51.48 
14,950 
15,400 
15,890 
16,380 
16,880 
17,180 
17,440 
60°K 
3,020 
6,050 
8,930 
11,990 
14,930 
17,890 
3,020 
6,040 
8,960 
14,890 
17,830 
3,020 
6,040 
8,910 
11,950 
14,980 
17,800 
75°K 
77°K 
30.36 
31.04 
32.46 
34.31 
35.56 
91.77 
166.4 
6.08 
12.11 
17.57 
23.34 
28.94 
35.13 
6.82 
13.59 
20.40 
37.66 
48.90 
7.10 
14.23 
21.32 
29.86 
39.53 
56.98 
83 
H H 
c-axis crystal (continued) 
78°K 79°K 
3,010 
6,030 
8,900 
11,940 
14,810 
17,800 
3,040 
5,990 
8,920 
11,920 
14,840 
17,780 
3,010 
6,020 
8,950 
11,910 
14,870 
17,880 
3,010 
6,030 
8,930 
11,920 
14,880 
17,860 
80°K 
82°K 
S4°K 
7.22 
14.99 
22.34 
31.58 
43.22 
56.84 
7.94 
15.52 
23.86 
33.95 
44.55 
54.67 
8.07 
16.43 
25.44 
34.61 
42.96 
51.45 
8.68 
16.77 
24.30 
32.83 
39.77 
47.17 
3,010 
6,030 
8,900 
11,950 
14,870 
17,810 
3,000 
6,000 
8,920 
11,940 
14,840 
17,860 
3,010 
6,020 
8,920 
11,910 
14,880 
17,830 
3,010 
6,030 
8,940 
11,950 
14,890 
17,840 
£L2L 
m 
85*K 
7.26 
15.15 
22.99 
32.64 
44.18 
54.68 
7.98 
16.36 
24.70 
35.01 
43.98 
52.09 
8.33 
16.89 
25.33 
33.72 
41.48 
49.44 
8.30 
15.94 
23.93 
31.97 
39.31 
46.63 
84 
H H 
c-axis crystal (continued) 
86°K Run 1 86°K Run 2 
3,020 
6,040 
8,950 
11,960 
14,900 
17,850 
90°K Run 1 
3,040 
6,000 
8,920 
11,940 
14,880 
17,830 
3,030 
6,050 
8,940 
11,990 
14,940 
18,000 
3,060 
6,030 
8,990 
12,010 
14,940 
17,910 
100°K 
14Q°K 
7.59 
15.29 
22.34 
29.73 
36.85 
44.17 
7.02 
13.90 
20.55 
26.94 
33.78 
39.81 
5.45 
10.78 
15.85 
21.06 
26.04 
30.87 
2.59 
5.87 
8.64 
11.41 
14.08 
16.85 
3,030 
6,050 
9,000 
12,020 
14,930 
17,880 
9Q°K m 2 
3,030 
6,080 
9,000 
12,030 
14,940 
17,900 
3,070 
9,030 
14,980 
17,940 
3,060 
6,030 
9,030 
12,010 
14,950 
17,920 
125°% 
155°K 
8.12 
15.06 
22.20 
29.80 
36.96 
44.17 
6.79 
13.68 
20.11 
26.68 
33.10 
39.22 
3.43 
10.10 
16.58 
19.81 
2.57 
4.95 
7.29 
9.62 
11.89 
14.26 
85 
H *g » *g 
c-axis crystal (continued) 
170°K 180°K 
3,060 2.03 3,080 1.98 
6,070 4.14 9,050 5.66 
8,970 6.09 15,000 9.19 
11,980 8.20 17,970 10.97 
14,880 10.14 
17,930 12.15 
195°K 240°K 
3,060 1.64 3,050 1.19 
6,040 3.15 6,110 2.58 
9,010 5.00 9,060 3.88 
12,030 6.67 12,110 5.09 
14,970 8.29 15,030 6.31 
17,940 9.91 18,000 7.39 
297.2°K 
3,030 1.06 
6,070 1.99 
8,960 2.84 
12,040 3.74 
15,000 4.63 
17,980 5.60 
a-axis crystal 
4.2°K Run 1 4.2°K Run 2 
3,040 6.50 3,040 6.60 
6,100 13.41 6,110 13.49 
9,050 19.49 9,050 19.58 
12,080 25.39 12,090 25.54 
15,010 30.92 15,020 31.18 
17,930 76.00 17,930 78.43 
86 
H H 
a-axis crystal (continued) 
4.2°K Run 3 20.4°K 
15,000 
15,460 
15,940 
16,450 
16,960 
17,450 
17,930 
3,040 
6,090 
9,020 
12,040 
14,990 
17,960 
3,040 
6,100 
9,040 
12,090 
15,010 
17,970 
3,030 
6,090 
9,020 
12,060 
15,010 
17,980 
25°K 
5Q"K 
30.97 
32.03 
33.16 
34.66 
36.74 
42.28 
75.81 
8.06 
17.33 
27.84 
38.37 
46.66 
54.52 
7.28 
15.16 
23.10 
31.07 
38.64 
46.44 
7.41 
13.51 
19.44 
26.38 
32.79 
38.24 
3,040 
6,070 
9,030 
12,060 
14,970 
17,940 
3,050 
6,090 
9,030 
12,060 
14,990 
17,960 
3,050 
6,110 
9,050 
12,090 
15,010 
17,980 
3,040 
6,080 
9,030 
12,060 
15,020 
17,980 
30 °K 
40°K 
55CK 
9.42 
20.76 
31.89 
44.24 
53.32 
61.61 
7.35 
16.00 
24.15 
33.76 
42.23 
49.89 
6.64 
14.46 
21.79 
28.98 
36.12 
43.05 
6.40 
12.46 
18.26 
24.25 
29.87 
35.59 
87 
H 
a-axis crystal (continued) 
60 °K 70°K 
3,040 
6,100 
9,040 
12,070 
15,020 
17,990 
JSOL 
3,050 
6,120 
9,060 
12,100 
15,030 
18,000 
5.67 
11.40 
16.77 
22.29 
27.65 
32.58 
4.69 
9.36 
13.23 
18.06 
22.17 
26.43 
3,040 
6,100 
9,050 
12,090 
15,020 
17,980 
3,050 
6,110 
9,070 
12,110 
15,040 
18,010 
80°K 
4.58 
9.75 
14.32 
19.06 
23.62 
28.07 
4.20 
8.66 
12.70 
16.87 
20.94 
24.92 
90°K 
3,040 
6,100 
9,040 
12,070 
15,030 
18,000 
100°K 
3,050 
6,100 
9,050 
12,080 
15,030 
18,010 
4.54 
8.09 
11.77 
15.77 
19.53 
23.34 
3.75 
6.71 
9.57 
12.74 
15.77 
18.76 
3,050 
6,110 
9,020 
12,110 
15,040 
18,010 
3,050 
6,120 
9,060 
12,110 
15,040 
18,010 
125°K 
3.54 
7.37 
10.93 
14.56 
18.21 
21.68 
2.38 
4.89 
7.22 
9.57 
11.84 
14.10 
88 
H H 
a-axis crystal (continued) 
UQ°K 155°K 
3,050 
6,110 
9,060 
12,110 
15,040 
18,010 
3,050 
6,120 
9,070 
12,120 
15,050 
18,020 
3,050 
6,120 
9,070 
12,120 
15,040 
18,020 
170°K 
24Q°K 
1.84 
4.30 
6.22 
8.30 
10.28 
12.28 
1.63 
3.34 
4.93 
6.52 
8.11 
9.68 
1.10 
2.27 
3.30 
4.40 
5.38 
6.45 
3,050 
6,110 
9,070 
12,110 
15,040 
18,010 
3,050 
6,110 
9,060 
12,110 
15,040 
18,020 
298.5°K 
3,060 
6,110 
9,060 
12,110 
15,040 
18,020 
2.03 
3.71 
5.45 
7.27 
9.05 
10.80 
1.36 
2.98 
4.42 
5.74 
6.98 
8.27 
0.80 
1.72 
2.55 
3.37 
4.16 
4.97 
2,960 
5,970 
8,880 
11,880 
14,770 
17,690 
Polvcrvstalline erbium sample 
4.2°K 2Q,tA°K 
48.48 2,950 59.01 
84.24 5,970 91.12 
109.5 8,880 113.5 
132.8 11,890 135.2 
157.3 14,770 159.3 
175.9 17,720 178.8 
89 
H H 
Polvcrvstalline erbium sample (continued) 
125°K 
3,050 
6,110 
9,060 
12,090 
15,020 
18,000 
3,050 
6,120 
9,060 
12,100 
15,040 
18,010 
3,050 
6,120 
9,060 
12,110 
15,040 
18,020 
3,050 
6,110 
9,078 
12,110 
15,050 
18,020 
1OT 
195°E 
300°K 
2.67 
5.61 
8.21 
10.82 
13.40 
16.04 
2.39 
4.13 
6.10 
8.03 
9.92 
11.82 
1.40 
3.28 
4.67 
6.08 
7.50 
8.82 
0.73 
1.77 
2.55 
3.54 
4.23 
5.09 
3,050 
6,100 
9,050 
12,100 
15,030 
18,000 
3,050 
6,110 
9,060 
12,110 
15,040 
18,010 
3,050 
6,120 
9,070 
12,110 
15,050 
18,020 
170°K 
240°K 
2.40 
4.81 
7.10 
9.34 
11.50 
13.66 
2.03 
4.02 
5.85 
7.64 
9.30 
10.88 
1.43 
2.50 
3.54 
4.67 
5.78 
6.86 
90 
Saturation magnetic moment per gram of erbium at T°K 
Temperature _a a J2 
(°K) 007 oT 
4.2 266.7 263.0 
20.4 263.9 259.5 
25 262.2 253.6 
30 260.2 249.8 
aData obtained from Figure 9. 
D^ata obtained by extrapolating to H = 0. 
Calculated values of magnetic moment per gram as a function of magnetic 
field for a polycrystalline sample at 20.4°K assuming that the poly-
crystalline value is l/3 of the c-axis value of or plus 2/3 of the 
a-axis value of O- . 
9 
H 
3,000 87.9 
6,000 100.2 
9,000 109.1 
12,000 117.5 
15,000 123.9 
18,000 129.6 
91 
B. Tabulation of the Resistivity Data 
Temperature Resistivity Temperature Resistivity 
°K (residual °K (residual 
subtracted) subtracted) 
//ohm-cm /zohm-cm 
a-axis crystal (temperature increasing) 
11.6 0.6 51.0 19.1 
12.5 0.0 52.4 19.8 
13.3 0.0 55.1 20.99 
15.1 0.5 57.3 21.92 
16.2 0.9 59.9 23.21 
17.5 1.3 62.1 24.30 
18.5 1.7 63.6 24.84 
19.4 2.0 68.5 27.28 
20.2 2.3 71.6 28.70 
21.7 2.9 73.3 29.33 
23.1 3.4 76.0 30.18 
24.1 3.9 78.7 31.96 
26.1 4.8 79.6 31.14 
26.5 5.0 80.6 31.49 
27.6 5.4 81.4 31.79 
28.7 5.9 82.4 31.99 
30.4 6.8 84.0 32.29 
31.8 7.7 86.3 32.81 
32.8 8.2 88.9 33.47 
34.3 9.0 91.9 34.37 
36.6 10.4 95.0 35.17 
38.9 11.5 104.6 37.06 
40.9 12.6 114.3 39.06 
42.7 14.5 125.5 41.97 
44.0 15.2 131.5 43.09 
45.0 15.6 137.9 44.30 
45.8 16.3 140.5 45.02 
46.3 16.4 147.5 46.52 
47.8 17.5 152.5 47.43 
49.6 18.5 159.5 48.81 
92 
Temperature Resistivity Temperature Resistivity 
°K (residual °K (residual 
subtracted) subtracted) 
fzohm-cm juohm-cm 
a-axis crystal (temperature increasing) (continued) 
165.7 50.12 227.6 61.69 
170.5 51.11 236.5 63.37 
176.2 52.13 244.9 65.04 
181.9 53.02 251.3 66.33 
188.2 54.13 257.3 67.33 
196.0 55.42 263.2 68.46 
202.7 56.00 274.1 70.09 
205.4 57.83 285.6 72.50 
213.8 59.18 295.5 74.05 
220.8 60.36 303.6 75.53 
Temperature Resistivity Temperature Resistivity 
°K gohm-cm °K jtzohm-cm 
c-axis crystal (temperature decreasing) 
Run 1 Run 2 
20.2 25.8 20.2 22.6 
19.0 25.0 18.0 21.6 
18.0 24.3 17.0 19.8 
17.0 23.0 16.76 16.9 
16.0 15.1 16.66 15.5 
15.0 14.6 16.53 15.2 
14.0 14.3 16.28 15.1 
16.0 15.0 
15.0 14.5 
14.0 14.2 
93 
Temperature Resistivity Temperature Resistivity 
°K (residual °K (residual 
subtracted) subtracted) 
juohm-cm /xohm-cm 
c-axis crystal (temperature increasing) 
1.3 0.5 71.2 28.02 
2.0 0.8 74.8 26.77 
3.0 1.0 76.3 25.33 
4.2 1.0 78.8 23.69 
4*4 1.42 81.5 21.69 
6.5 1.71 83.7 19.92 
9.5 2.06 85.2 19.74 
10.9 2.20 87.3 19.79 
12.0 2.58 89.7 19.93 
13.9 3.00 93.6 20.19 
14.7 3.42 97.5 20.48 
16.0 3.90 104.1 21.08 
16.3 3.69 108.0 21.46 
16.6 3.80 116.3 22.22 
16.9 3.90 121.3 22.70 
17.3 4.16 126.6 23.25 
18.4 4.53 131.9 23.78 
19.25 5.04 137.0 24.32 
20.3 5.76 142.0 24.81 
21.8 11.96 148.2 25.52 
23.4 12.64 156.6 26.47 
26.2 1404 164.6 27.38 
31.2 17.52 172.1 28.21 
35.0 19.04 182.2 29.34 
39.2 20.89 192.7 30.51 
43.4 23.49 206.4 32.28 
50.3 30.64 219.6 33.11 
52.4 32.74 229.6 34.87 
53.6 33.04 239.8 36.13 
56.2 32.74 251.2 37.46 
58.3 32.31 262.9 39.00 
59.5 32.10 272.4 40.29 
61.1 31.67 283.9 41.39 
63.1 31.04 293.4 42.62 
65.9 30.81 304.3 44.17 
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Temperature Resistivity Temperature Resistivity 
°K jzohm-cm °K jLtohm-cm 
Polvcrvstalline sample3 (temperature increasing) 
14.1 11.7 79.9 42.5 
15.9 12.4 81.4 42.5 
19.2 13.7 83.2 42.3 
20.0 14.8 85.3 42.4 
23.2 16.7 87.3 42.5 
24.6 17.4 89.6 43.0 
28.2 19.7 92.9 43.5 
29.3 20.3 95.7 44.0 
31.4 21.4 99.2 44.7 
33.1 22.3 104.2 45.5 
34.3 22.9 IO8.4 46.3 
35.9 23.8 113.1 47.0 
37.3 24.6 118.6 48.0 
39.3 25.7 125.9 49.3 
41.1 26.8 130.4 50.1 
43.3 28.1 135.0 50.9 
44.9 29.2 139.5 51.7 
46.6 30.3 144.4 52.6 
48.2 31.4 149.6 53.6 
49.7 32.5 154.6 54.5 
51.1 34.1 160.0 55.3 
52.6 35.2 165.7 56.2 
53.7 35.9 170.5 57.1 
55.5 36.9 176.0 58.0 
57.7 38.0 181.6 59.0 
62.5 39.1 187.3 60.0 
68.1 41.1 194.2 61.2 
69.9 41.4 202.0 62.6 
72.9 42.0 205.7 63.3 
75.3 42.2 212.6 64.6 
aData obtained from R. Colvin, Iowa State University of Science 
and Technology, Ames, Iowa. Private communication (i960). 
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Temperature Resistivity Temperature Resistivity 
°K p,ohm-cm °K fiohm-cm 
Polvcrvstalline sample (temperature increasing) (continued) 
217.8 65.4 266.4 73.5 
226.2 66.8 275.7 75.0 
237.6 68.8 284.5 76.4 
247.6 70.4 296.7 78.5 
254.8 71.6 307.6 80.3 
318.6 82.0 
C. Discussion of Errors 
From the equation for Equation 4*2, it can be shown that the 
probable error in the measurement of is given by 
= «'"AS f(^ )2*(^ *(^ )2jV2 (10.1) 
9 
where P = J dH. 
g dz 
The estimated error in m is 0.1 per cent. The magnetic field was 
calibrated with a field and gradient meter designed by If. Thoburn (38). 
From this calibration P was found to have an error of not more than 
0.3 per cent; F ranged from 0.0060 gm to 8.760 gm. An estimate of the 
errors in the magnetic force is frc.ii 5 per cent to 0.01 per cent. 
Hence ranges from .21 per cent to 3.4 per cent for the highest 
% 
force measurement and lowest force measurement respectively. 
values were determined from some of the higher force measurements. 
From these considerations we can say that is 267 + 2 cgs units/gm* 
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The error involved in the measurement of the magnetic field of 
the magnet is believed to give a total uncertainty in the magnetic 
field of about 1.7 per cent. 
In measuring the resistance of the sample, two values of current 
were used, 0.3420 amps and 0.0645 amps. These were measured and 
regulated to better than 0.0001 amps. The potential drop varied between 
4 juvolts and 86 juvolts. These were measured within 0.01 pro Its or 
0.3 fJNolts, depending on the potentiometer that was used. The 
resistance of the sample was measured to an accuracy within 0.1 per 
cent and 1 per cent. 
The cross sectional dimensions were measured with a traveling 
microscope and the uncertainty in the cross sectional area was 0.3 
per cent. 
The distance between probes was also measured with a traveling 
microscope by measuring the distance between the impressions left on 
the crystal. The accuracy in this measurement was 0.2 per cent. 
From these considerations the accuracy in the resistivity is 
from 0.3 per cent to 0.7 per cent and the uncertainty in the 
resistivity measurements from 0.1 to 0.3 /xohm-cm. 
The temperature of the sample for magnetic measurements was 
controlled to within + 0#5°K by measuring the temperature with a 
copper-constantan thermocouple, except for the bath measurements. 
For the resistivity measurements the temperatures in the heat 
leak chamber were also measured with a copper-constantan thermo­
couple and it is believed that the uncertainty here is 0«5°K or 
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less. In the liquid bath measurements the temperature was measured 
by determining the pressure above the liquid. 
The orientation of the crystal samples from the marks scribed on 
the samples was probably within 1® of being along the desired axis. 
